Abstract-The increasing widening of electric propulsion systems pushes the research world to focus on novel technologies aimed at reducing brake-and tire-related non-exhaust emissions. Hereunto, the Electro-Hydraulic Brake system (EHB) has gained particular importance among the control community owing to the necessity of developing more and more sophisticated control systems for the enhancement of brake blending and regenerative functions. The paper introduces a novel methodology based on the Kalman Filter theory for the estimation of the dissipated power in disc brakes and tires during vehicle deceleration events. This tool draws upon the wheel speed sensors and the inertia measurement unit (IMU). The functionality of the developed estimator is tested against simulation analysis performed under the proprietary software IPG CarMaker®. Novel control systems could use this tool to enhance the vehicle performance and to simultaneously reduce the non-exhaust emissions.
INTRODUCTION
Road transport emissions are a major contributor to ambient particulate matter concentrations and have been recognised as a cause of adverse health effects [1] . A recent study has demonstrated that electric vehicles (EV) emit the same amount of PM10 as modern gasoline and diesel engine owing to the nonexhaust counterpart [2] . It is expectable that the progressive transition towards the electric mobility, and the increasing vehicle weight that this entails, may motivate higher emissions of non-exhaust PM [3] .
The brake operation is affected by parameters, such as friction and temperature, variations in which have a strong impact on wear and PM emissions [4] , [5] . The factors influencing the particle formation are not fully understood but from recent laboratory analysis, it is possible to state that the wear rate increases for temperature values higher than 200°C, which induces an unstable friction layer [6] . Similarly, high operating temperature in tires is a serious problem since it shortens the life and increase the wear. The importance of power dissipation and its effect on the operating temperature has been studied since the 20s of the previous century [7] .
The literature lacks recognised approaches that depict the wear and PM formation due to difficulties emerging from attempts intended to identify analytical correlations [8] . Most of the literature instances refer to laboratory analysis and do not address the emission in real world environment [9] . Recently, advanced wear algorithms have been implemented for the estimation of the pad residual life to replace the conventional mechanical sensors [10] , [11] . In addition, the Neural Networks have been widely employed for the prediction of brakes' wear rate as a function of braking pressure, sliding velocity and surface temperature [12] , [13] . In [14] , the friction material composition is also included to embed the variability induced by different lining compositions. Upon this, such models are incapable to rightly render the complex wear phenomena occurring in the contact zone and unreliable when the plant characteristics change due to brake wear itself or in case of replacement with aftermarket brake linings and owing to variations in the weather conditions. Fig. 1 . Scheme of the sought controller that enables blending strategies aimed at enhancing the braking performance and energy efficiency, taking into consideration brake-and tire-related wear and PM emissions. EM: Electric Motors; EHB: Electrohydraulic Brakes.
In this work, a novel approach for the estimation of the dissipated power in disc brakes and tires is presented. This latter draws upon a Kalman observer of the wheel torque as proposed in [15] . The developed tool encompasses the chassis and wheels' rotational dynamics and relies upon the wheel speed sensors and the inertia measurement unit by avoiding the analytical description of non-linear phenomena occurring in the pad-disc and tire-road contacts. This tool lays the basis to develop an optimal brake control strategy based on the criteria of enhancement of the brake performance and energy efficiency with simultaneous reduction of PM emission (Fig. 1) . Indeed, the approach based on the "energy particle emission rates" [5] , which are experimentally defined for a specific particle range, might be used for the estimation of the number of wear particles emitted from the sliding contact and becoming airborne.
The functionality of the developed estimator is proved in the vehicle dynamics simulator IPG CarMaker® with experimentally validated model of a full electric SUV equipped with four on-board motors and EHB. The paper is structured as follows: in the Section II the vehicle model implemented in the CarMaker® software is discussed; afterwards, the Section III puts forth the developed estimator of the power dissipated in the pad-disc and tire-road contact; at last, the estimation results for the straight line braking manoeuvre are reported in the Section IV. The estimation capability of the developed tool is analysed against longitudinal base braking involving several blending conditions.
II. VEHICLE MODEL

A. Base brake controller
The vehicle under investigation is a SUV equipped with an EHB system and electric powertrain with individual on-board motors, Fig. 2 . The EHB system finds wide use in EV, because it ensures smooth coordination between conventional and regenerative brakes without the driver noticing it. When the driver steps on the brake pedal, the pedal stroke is measured, sent to the vehicle control unit (VCU) and converted into the reference vehicle deceleration level [15] . In turn, the VCU determines the total demanded braking torque and, according to the brake torque distribution rule, calculates the demanded brake pressure for each wheel. The resulting torque is realised by the vehicle subsystems, namely the friction brake system and the electric motors. Particularly, the electrohydraulic control unit (EHCU) actuates the EHB proportional valves to achieve the demanded pressure level in each calliper.
B. Vehicle subsystems
The parametrized vehicle model has been validated against experimental data collected at the Technische Universität Ilmenau (TU Ilmenau). Data from the brake dynamometric test rig [15] were exploited to reproduce the real dynamics of the brake linings coefficient of friction. Data collected from the EHB test rig at TU Ilmenau [16] were used to identify the model of the hydraulic brake circuit. The behaviour of the electrohydraulic brake circuit is depicted through the second-order transfer functions for the build-up (1) and release (2) 
The wheel force data from vehicle testing on proving ground were exploited to validate the Magic formula [17] embedded in the simulation software. At last, the electric motors are included in the simulation software under the form of torque and efficiency maps; whilst, their transient operation is described through the first-order transfer function:
C. Brake force distribution
The brake torque distribution is responsible for the apportionment of the demanded torque between the front and rear axle. The brake force distribution is specified as the ration between the front axle braking force and the total braking force
, which can be constant or variable depending on the adopted rule. In the present work the ideal brake force distribution [18] was applied, whose dependence against the vehicle acceleration is reported in Fig. 3 . Other distributions are suitable for the scope of the paper, provided that they comply the Regulation 13 ECE [19] , which sets limits to avoid the rear wheels lock during braking. 
III. ESTIMATION OF POWER DISSIPATION
A. General remarks
In the last years, the state observation technique has been largely applied in the automotive field as a valid substitute to the model-based approach. [8] : the models are incapable to rightly render the complex wear phenomena occurring in the contact zone and unreliable when the plant characteristics change due to brake wear itself or in case of replacement with aftermarket brake linings and owing to the variation in the weather conditions. The state observer proposed by the same authors in a previous work [15] has been herein employed for the estimation of the dissipated power in brakes and tires. The possibility to predict online the dissipated power in brakes and tires is an important feature for the estimation of wear and PM emissions.
B. Wheel Torque Observer
In the present work, the vehicle dynamics formulation associated with the linear Kalman filter is restricted to the longitudinal motion [15] . Henceforth the hat superimposition denotes an estimated or observed quantity. The subscripts " i " identifies the wheel of the vehicle and " k " is the generic simulation step. The scheme of the proposed estimator is reported in Fig. 4 . The observer draws upon information coming from the chassis accelerometers and the hub sensors, to provide an observation of the wheel torque for each wheel. The state space formulation associated with the observer stems from a quarter-car model for the vehicle longitudinal dynamics and is rearranged to ensure the system linearity against the selected states. The proposed tool features a virtual sensor of the longitudinal chassis force that relies on available measurements, namely the longitudinal and lateral body acceleration. To avoid undesired inaccuracies, the observer is switched off below a certain velocity threshold. The observer state, measurement and input vectors are defined as follows, respectively: [20] .
The state variables evolve in accordance with the dynamics described in the equations (7a-7d):
The above-defined set of equations represents the observer prediction model rendering the wheel rotational dynamics in and the transient behaviour of the tire is rendered according to a relaxation tire model [21] . The longitudinal tire slip is computed by using the Recursive Least Square (RLS) as proposed in [22] ; whereas, the wheel vertical load is estimated by taking into account the load proportionality principle as shown in [21] . At last, a random-walk approach is used for the wheel torque state, whose value will be thereafter corrected in the update phase.
With regard to this latter, the virtual sensor estimates the tires longitudinal forces by using the measured longitudinal acceleration in accordance with (8) and (9): 
where v m is the estimated mass of the vehicle, herein assumed constant; S k x a is the measured longitudinal acceleration;
is the sum of the forces, which oppose the vehicle motion, viz. the rolling resistance and the air drag force. The k i k , factor draws upon the load proportionality principle and compensate disturbances induced by unexpected variation in the road conditions. The correction factor considers the difference between the modelled and virtually measured forces and is used for the correction procedure within the linear Kalman filter. A filter based on RLS method is applied across a finite set of time steps to mitigate rapid variations in the correction factor. It is worth mentioning that the virtual sensor provides the observer with intrinsic fault tolerance against errors or failures that might affect the tire model. This propriety is discussed in the next section.
C. Friction power
For a straight line braking, the power dissipated in the brakes and tires can be readily determined upon estimating the tire longitudinal forces 
The vehicle speed k x v is estimated by making use of the wheel speed sensors and vehicle body accelerometer [22] . The torque
exerted by the on-board electric motors during the braking phases is computed from the generated current and is deduced from the observed wheel torque to obtain the brake friction torque. In the present analysis, it is assumed that the pure sliding mechanisms between tire and road are the only responsible for the tires' particle formation. However, it is expectable that also the rolling resistance might have an impact but, so far, there is no study supporting or rejecting this hypothesis.
IV. RESULTS
A. Simulation
The proposed estimator was implemented in the IPGCarMaker®, which includes aerodynamic forces, nonlinear suspension model and steering system. The experimentally validated model of a SUV-class vehicle and tire MF [17] were employed during the simulations. A fixed time step of 1ms was set during the simulations and the signals required by the observer were acquired at 100Hz. An additive noise model was employed to incorporate white Gaussian noise into the simulation signals [23] . The characteristics of the employed vehicle are reported in Table I . 
B. Fault tolerance
To test the observer fault tolerance capability, a simulation is performed in presence of a failure induced in the tire model. The vehicle starts from an initial speed of 100km/h, afterwards it performs a full stop braking with full utilization of conventional brakes. The vehicle speed and the wheel slips are reported respectively in the first and second graph of Fig. 5 . As it can be seen from the third graph, an artificial failure is induced in the tire model at t=4s, which leads to a wrong prediction of the longitudinal force. Despite this, the virtual sensor continues to provide the right value of the force because it relies on the accelerometer information, eq. (8) and (9) . At last, the virtual sensor closes the observer loop and updates the final longitudinal force estimation in accordance with the real vehicle acceleration level. The final estimation of the brakes and tires dissipate power, reported in the last two graphs, proves to be very accurate and exempt from the occurrence of a failure event.
C. Observer evaluation
The estimation accuracy of the developed observer is directly related to the level of excitation induced on the axles, which is in turn proportional to the exerted friction braking force. It is expectable that higher blending conditions, which entail extensive use of the regenerative brakes affect the observer estimation capability and result in events, where the states are more difficult to be observed. The simulation reported in the previous subsection is repeated for several blending conditions, where blending factor (BF) equal to zero denotes full frictional brake utilization and BF equal to one corresponds to full regeneration. Hereunto, the normalised round-meansquare-error (nRMSE) is used to quantify the performance of the developed observer in estimating the brakes and tires dissipated power:
where " k " is the time sample index ranging among the " N " Expectedly, greater blending conditions affect the estimation accuracy of the brake friction power because most of the torque is exerted by the electric motors. Such an error is still acceptable since braking events characterised by high blending factors are also the less critical in terms of particulate emission thanks to the low levels of brake friction power involved [5] . The estimation of the power dissipated in the tires does not seem to be affected by such a phenomenon because it relies entirely on the observation of the longitudinal tire force, which is independent of the blending factor, eq. (11). Another simulation including a series of braking manoeuvres characterised by a constant brake demand and full utilization of the conventional brake system is performed. The vehicle initial speed is 100 km/h and four consecutive braking actions lead it to standstill. The obtained results in Fig. 7 represent functionality of the developed estimator in real-time mode and in presence of real sensor data.
For a matter of clarity, the second, third and fourth graph relate to the front-left wheel. The dissipated power in brakes and tires are evaluated as the sum of the four wheels' contributions, according to eq. (10) and (11) . The results show that the developed tool features a good estimation capability of the dissipated power in the pad-disc and road-tire contact.
V. CONCLUSIONS
The functionality of the developed estimator has been demonstrated using the vehicle dynamics simulator IPG CarMaker® with experimentally validated model of a full electric SUV equipped with four on-board motors and EHB.
Particularly, data from the brake dynamometric test rig and HIL were respectively employed to reproduce the real behaviour of the brake linings coefficient of friction and the pressure dynamics in the hydraulic circuit. Thereafter, the vehicle simulator was used for the implementation of the estimator of the power dissipated in the pad-disc and tire-road contact.
The fault tolerance capability of the estimator herein proposed was tested in the case of error affecting the prediction of the wheel longitudinal force. Moreover, the estimation accuracy was quantified with respect to several blending conditions. The simulation results show that the developed tool features a good estimation capability although the sustained use of the electric motors may affect negatively the estimation accuracy of the brake friction power.
Such an estimator represents a cost-effective solution suitable for current production vehicles. The knowledge of the dissipated power is required to estimate the particle emission rate. This tool lays the groundwork for an optimal brake control strategy based on the criteria of enhancement of the performance and energy efficiency with simultaneous reduction of PM emission.
